INTRODUCTION
Pancreas development is orchestrated by the sequential activation of key transcription factors that will dictate the fate of progenitor cells towards exocrine tissue or endocrine entities comprising insulin (β)-, glucagon (α)-, somatostatin (δ)-or PP (pancreatic polypeptide)-producing cells [1] . Members of the HD (homeodomain) family of transcription factors play a crucial role in this process. Gene inactivation in mouse models has shown that induction of Pdx1 and Hb9 [2] [3] [4] are pre-requisites for ventral and/or dorsal pancreatic bud formation, while the transient expression of Ngn3 during organogenesis is indispensable for the generation of endocrine precursors [5, 6] . The programme of endocrine cell differentiation must then be activated by as yet unknown soluble factors that will stimulate or repress a variety of transcription factors resulting in the generation of the different cell types. Pax4 and Nkx6.1 expression [7, 8] are obligatory for the maturation of β-cells whereas Pax6 and Arx are critical for the emergence of α-cells [9, 10] . Some of these transcription factors are also important for the subsequent maintenance of islet cell specific hormone gene expression. Thus the β/δ-enriched transcription factor Pdx1, together with E47/Beta2 and MafA, is required for sustaining the β-cell phenotype by positively regulating insulin gene expression [11] . Pax4 and Nkx6.1 β-cell specific expression are mandatory for cell survival as well as robust glucose-induced insulin secretion [12, 13] .
In contrast to insulin, α-cell-restricted expression of the glucagon gene is predominantly mediated by the interaction of Pax6 with either Cdx2/3 or Maf on the G1 cis-acting element located in the proximal promoter region [14] [15] [16] . The latter was previously shown to convey α-cell specificity [17] . Additional transcription factors such as Foxa2, Isl1, E47/Beta2 and Pbx/Prep1, through binding to three islet-specifying promoter elements (G2, G3 and G4), also contribute to expression of the glucagon gene [18] [19] [20] [21] . Surprisingly, none of these trans-activating factors are α-cell specific, suggesting that expression of the glucagon gene in mature α-cells could be dependent on the absence of β-and/or δ-cell specific transcription factors such as Pdx1, Pax4 and Nkx6.1. Consistent with this premise, mice carrying one or two ablated alleles of either the pdx1 or pax4 genes harbour pancreatic islets with a reduced number or an absence of insulin-producing cells respectively and increased α-cells [2, 7, 22] . Repression of Pdx1 function in either mouse islets using antisense RNA, or in the insulinoma INS-1 cell line by overexpression of a dominant-negative form of the transcription factor, resulted in decreased insulin gene expression with a concomitant increase in glucagon gene transcription [23, 24] . Furthermore, we have previously demonstrated that ectopic expression of either Pdx1 or Pax4 in the glucagonoma InR1G9 cell line repressed glucagon gene expression. This inhibition was predominantly mediated through direct protein-protein interaction of Pdx1 with Pax6 and Cdx2/3, or by competitive binding between Pax4 and Pax6 to the G1 element [25, 26] .
Taken together these studies demonstrate that Pax4 and Pdx1 are important in β-cell fate determination as well as in promoting insulin gene expression to the detriment of glucagon gene transcription.
More recently, adenoviral-mediated expression of Nkx6.1 was shown to repress glucagon gene expression in INS-1-derived cell lines expressing glucagon as well as in the αTC1.6 α-cell line [13] . Conversely, repression of Nkx6.1 by RNA interference prompted a 2-fold increase in glucagon mRNA levels in INS-1 cells. EMSAs (electrophoretic mobility-shift assays) revealed a potential binding of Nkx6.1 to the G1 element of the glucagon promoter only in the presence of an Nkx6.1-specific antibody. More convincingly, ChIP (chromatin immunoprecipitation) assays performed in INS-1 cells expressing high levels of Nkx6.1 indicated a direct interaction of the transcription factor with the glucagon promoter [13] . These results substantiate the dogma that β-cellspecific transcription factors repress glucagon gene expression while stimulating insulin gene transcription. However, the mechanism by which Nkx6.1 inhibits glucagon expression remains elusive. The present study was designed to define the direct contribution of Nkx6.1 in glucagon gene transcription repression. To this end, we have used the heterologous BHK-21 cell line to delineate critical promoter regions involved in inhibition as well as potential transcription factors that may be targets of Nkx6.1 repression. We found that Nkx6.1 impaired transcriptional activation of the glucagon gene promoter by Pax6, an effect predominantly occurring through competition for the G1 element rather than protein-protein interaction. Neither Cdx2/3 nor cMaf trans-activation potentials were altered by Nkx6.1. Finally, overexpression of Nkx6.1 in the InR1G9 glucagonoma cell line repressed endogenous glucagon mRNA levels. We thus propose that Nkx6.1, along with Pax4 and Pdx1, are critical for the establishment of the β-cell phenotype during development and that their absence in α-cells is mandatory for full activation of glucagon gene expression and α-cell differentiation.
MATERIALS AND METHODS

Cell culture and DNA transfection
The glucagon-producing hamster cell line InRIG9 [27] and the non-islet Syrian baby hamster kidney (BHK-21) cell line were grown in RPMI 1640 (Seromed) supplemented with 5 % fetal calf serum and 5 % newborn calf serum, 2 mM glutamine, 100 units/ ml of penicillin and 100 µg/ml of streptomycin. BHK-21 cells were transiently transfected using the calcium phosphate precipitation technique [28] using 10-15 µg of total plasmid DNA per 10-cm Petri dish. The plasmid pSV2A PAP (human alkaline phosphatase cDNA) was added to monitor transfection efficiency. Alternatively, InR1G9 cells were transfected using the DEAEdextran method as described previously [29] . cDNAs for rat Nkx6.1, hamster Cdx2/3 (both provided by M. S. German, Department of Medicine, University of California, San Fransisco, CA., U.S.A.), mouse Pax4 and quail Pax6 (S. Saule, Institut Curie Section de Recherche, Centre Universitaire, Orsay, France), were subcloned in the expression vector pSG5 (Stratagene). cDNAs for mouse c-Maf (provided by R. Stein, Department of Molecular Physiology and Biophysics, Vanderbilt University Medical Center, Nashville, TN, U.S.A.) was cloned in the expression vector pcDNA3 (Invitrogen). In experiments using variable quantities of expression vectors encoding Nkx6.1, Pax6, Cdx2/3 or c-Maf, total amount of DNA was kept constant by adding appropriate amounts of the empty pSG5 vector. Reporter plasmids comprised the CAT (chloramphenicol acetyltransferase) reporter gene under the transcriptional control of different fragments of the rat glucagon gene promoter (− 292GluCAT, − 138GluCAT, G3 − 31GluCAT, − 31GluCAT) [17] or the CMV (cytomegalovirus) promoter. Empty vector (poCAT) and the prolactin promoter (pFoxCAT-36prl, a gift from M. S. German) were used as negative controls.
In some instances, InR1G9 cells or stable clones thereof expressing either a dominant-negative variant of Pax6 (DN-Pax6) or an empty vector were transiently transfected with the Nkx6. 
CAT and protein assays
Cell extracts were prepared 48 h after transfection and analysed for CAT and alkaline phosphatase activities as described previously [17] . Quantification of acetylated and non-acetylated forms of CAT was performed using a PhosphorImager (Molecular Dynamics). A minimum of three independent transfections were performed, each of them carried out in duplicate.
EMSAs
Nuclear extracts from BHK-21 cells transfected with either an expression vector encoding the HDC domain of hamster Nkx6.1 (provided by R. Mirmira, Department of Medicine and Pharmacology, University of Virginia, Diabetes Center, Charlottesville, VA, U.S.A.) or an empty vector pBAT12 were prepared according to the method of Schreiber et al. [30] . EMSAs were performed as described previously [31] adding initially 8 µg of nuclear extracts and subsequently labelled oligonucleotides corresponding to the rat glucagon gene promoter elements G1 or G3 sequences [14, 15, 25] . Nkx6.1 antiserum (provided by O. D. Madsen, Hagedorn Research Institute, Gentofte, Denmark) was added to the binding reaction halfway through the incubation time to confirm identity of the protein. Nonradiolabelled mutant oligonucleotides were used to identify the Nkx6.1-binding site on the G1 element ( Figure 4A ). Additionally an oligomer corresponding to the A4/A3 sites of the mouse insulin promoter was used as a positive control for Nkx6.1 binding affinity (5 -CATCAGGCCATCTGGTCCCT TA-TTAAGACT ATAATAACCCTAAGACTAAGTAGAT-3 ).
ChIP
ChIP assays were performed as described by Orlando et al. [31a] . Briefly, formaldehyde-cross-linked chromatin extracts were prepared from InR1G9 and fragmented by sonication. Chromatin extract (50 µg) were first pre-cleared with Protein A-sepharose beads (Pharmacia Biotech AB) for 1 h. After centrifugation (10 g for 1 min at 4 • C), supernatants were incubated overnight at 4
• C with 10 µg of an anti-Pax6, anti-Nkx6.1, anti-c-Maf (#BL662; Bethyl), anti-acetyl-histone H4 antibodies (Upstate) and a rabbit IgG (#sc-2027; Santa Cruz Biotechnology). DNA-protein-antibody complexes were then incubated for 3 h with Protein A-sepharose beads and subsequently washed sequentially in a low-salt buffer, high-salt buffer, LiCl buffer and finally a Tris/EDTA buffer as described by Duong et al. [32] . Proteins were eliminated using 200 µg of proteinase K (Applichem) by overnight incubation at 
45
• C followed by an additional incubation at 65 • C for 3 h. After phenol extraction, DNA was precipitated, resuspended in water and used as a template for PCR. The PCR primers used for analysis of binding on the glucagon proximal promoter in InR1G9 cells were 5 -GACTAGGCTCATTTGACGTC-3 and 5 -ATGGAA-AGGGCAGTTTGGAG-3 . PCR products were verified on 3 % ethidium bromide-stained agarose gels and analysed by real-time PCR using a Light-Cycler.
GST (glutathione S-transferase)-fusion proteins and GST-precipitation
Pax6 GST-fusion proteins have been described previously [14] . GST-fusion proteins were expressed in Escherichia coli and purified according to the manufacturer's protocol (Pharmacia). L- [ 35 S]Methionine-labelled Nkx6.1 was generated in vitro using the TNT system (Promega) and GST-precipitations were performed as described previously [14] .
Co-immunoprecipitation and Western blot analysis
Nkx6.1-overexpressing InR1G9 cells were trypsinized, washed and resuspended in a buffer containing 10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2.5 mM DTT (dithiothreitol) and 1.2 mM PMSF. Subsequent to a 15 min incubation on ice, cells were lysed by the addition of 10 % Nonidet P40 and intact nuclei were sedimented by centrifugation. Buffer C containing 20 mM Hepes (pH 7.9), 25 % glycerol, 250 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1.2 mM PMSF and complemented with a cocktail of protease inhibitors (Roche) was added to the pellet and incubated for 1 h. Nuclear proteins were purified from membrane debris by centrifugation (13 g for 10 min at 4 • C). Approximately 500 µg of nuclear extracts were incubated overnight at 4
• C with a mouse anti-Pax6 antibody (MAB1260; R&D system) coupled to sheep anti-mouse IgG magnetic Dynabeads ® (Invitrogen). Beads were then washed extensively with Buffer C and resuspended in 50 µl Lämmli buffer. Next, 10-50 µg of total nuclear extracts (input) and 20 µl out of the 50 µl of immunoprecipitate were separated on SDS/PAGE and transferred on to PVDF membrane (Amersham Biosciences). Membranes were incubated with either an anti-rabbit Pax6 antibody or an antirabbit Nkx6.1 antibody and subsequently with a sheep anti-rabbit IgG coupled to horseradish peroxidase. Signals were detected using the Super Signal West Pico Trial Kit (Pierce Chemical Co.).
Statistical analysis
Results are expressed as means + − S.E.M. Where indicated, the statistical significance of the differences between groups was estimated using the Student's unpaired t test:
* and * * indicate statistical significance with P < 0.05 and P < 0.02 respectively.
RESULTS
Ectopic expression of Nkx6.1 in InR1G9 cells inhibits the transcriptional activity of the glucagon gene promoter
As an initial step to assess the potential inhibitory function of Nkx6.1 on glucagon gene expression, the glucagonoma InR1G9 cell line was co-transfected with a CAT reporter construct driven by a fragment of the glucagon gene promoter conferring full gene activity as well as α-cell specificity (− 292GluCAT; Figure 1A ) along with increasing amounts of an expression vector harbouring the Nkx6.1 cDNA. Quantitatively similar to Pax4-mediated repression [26] , ectopic expression of Nkx6.1 resulted in a dosedependent inhibition (reaching 65 %) of the basal transcriptional activity of the − 292GluCAT construct ( Figure 1B) . In contrast, expression of the minimal glucagon gene promoter construct − 31GluCAT ( Figures 1A and 1B) or a CAT construct harbouring the viral promoter CMV ( Figure 1B) were not significantly modulated by Nkx6.1, indicating that repression was specific to the glucagon gene and conferred by sequences located within the boundaries of − 292 and − 31 of the promoter. This region harbours five cis-acting elements [33] , one of which, the G1, contains three A/Trich regions resembling putative Nkx6.1-binding sites [13, 31, 34] .
Nkx6.1 inhibits glucagon gene transcription by repressing Pax6-mediated activation
Interaction of the transcription factor Pax6 with either Cdx2/3 or c-Maf on the G1 element of the glucagon gene promoter results in the synergistic activation of transcription [14, 16] . We thus investigated whether Nkx6.1 could interfere with activation of the glucagon gene promoter by Pax6, Cdx2/3 and c-Maf, in the nonislet cell line BHK-21 lacking endogenous expression of these transcription factors. As Pax6 interacts with both the G1 and G3 elements of the glucagon gene promoter, we used reporter constructs containing both elements (− 292GluCAT) or constructs bearing only the G1 (− 138GluCAT) element. As expected, ectopic expression of Pax6 (0.25 µg) resulted in a 33-and 79-fold increase in CAT activity for the − 292 and − 138GluCAT constructs respectively as compared to control transfections which exhibited low transcriptional activity in the absence of Pax6 (Figure 2A ).
Of note, Pax6 conveyed a stronger CAT activity to the − 138GluCAT reporter containing a single binding site as compared to the − 292GluCAT construct, substantiating previous findings that the latter harbours inhibitory regulatory cis-acting elements [35] . Interestingly, Pax6 also induced transcription of the − 31GluCAT construct by approximately 10-fold, but not of another construct containing the rat prolactin gene promoter TATA box (pFOXCAT) or of the control poCAT vector indicating a potential weak interaction of the transcription factor with the glucagon basal promoter region (Figure 2A) . In contrast to results obtained in InR1G9 cells, overexpression of Nkx6.1 in BHK-21 cells had no significant impact on the basal expression of any of the constructs. However, co-transfection of 0.25 µg of Pax6 along with increasing amounts of Nkx6.1 resulted in a dose-dependent inhibition of Pax6-mediated activation, reaching 75 % and 93 % suppression for − 292GluCAT and − 138GluCAT respectively at 0.25 µg of Nkx6.1 (Figure 2A) . Interestingly, Nkx6.1 also inhibited the Pax6-mediated activation of the − 31GluCAT construct by approximately 50 % reinforcing a potential interaction of Pax6 with the glucagon basal promoter (Figure 2A ).
Nkx6.1 did not significantly inhibit activation of the − 292, − 138 and − 31GluCAT constructs by Cdx2/3, suggesting that binding of the latter to G1 is not subject to regulation by Nkx6.1 ( Figure 2B ). However, in co-transfection experiments performed in the presence of both Pax6 and Cdx2/3, increasing amounts of Nkx6.1 gradually abrogated the synergistic effect of the two transcription factors on the − 138GluCAT construct (180-fold increase) reaching 77 % repression using 0.5 µg of Nkx6.1 (Figure 2C ). Nkx6.1 did not significantly inhibit the 70-fold increase in trans-activation of the − 138GluCAT by c-Maf ( Figure 2D ). Yet, in the combined presence of Pax6 and c-Maf, the robust 400-fold induction of − 138GluCAT was drastically suppressed by Nkx6.1 to levels attained by c-Maf alone ( Figure 2E ). Although both Cdx2/3 and c-Maf trans-activated the − 31GluCAT, addition of Pax6 did not increase transcription of this construct further. Furthermore, increasing amounts of Nkx6.1 did not suppress either Cdx2/3 or c-Maf-mediated increases in − 31GluCAT activity. Taken together, these results strongly suggest that Nkx6.1 inhibits glucagon gene expression by interfering with Pax6 mediated-activation via the G1 promoter element, independent of cMaf and Cdx2/3.
The HD-C-terminal region of Nkx6.1 binds to the G1 element of the glucagon gene promoter
To establish whether Nkx6.1 binds directly to the glucagon gene promoter in vivo, ChIP analysis was performed using InR1G9 cells transfected with either the control vector pSG5 or with the Nkx6.1 expression construct. As expected, the promoter region was co-immunoprecipitated by anti-Pax6 but not by either antiIgG or anti-Nkx6.1 sera in pSG5-transfected cells (Figure 3 , lefthand side). In contrast, cells expressing Nkx6.1 revealed a decreased occupancy of Pax6 to the glucagon promoter with a concomitant increase in Nkx6.1 binding (Figure 3 , right-hand side). These results indicate that, when conditionally expressed in α-cells, Nkx6.1 is able to interact with the glucagon gene promoter and repress its expression by potentially interfering with Pax6 binding. To further explore this putative mechanism, we performed EMSAs using the G1 promoter element. This element harbours three A/T-rich sequences reminiscent of Nkx6. fected with a full-length Nkx6.1 cDNA did not produce a retarded complex with the G1 element unless an antibody raised against the transcription factor was added to the reaction mixture (results not shown). The binding was specific to Nkx6.1 as the antibody alone did not generate a complex. These results suggest that a potential protein conformational change may be required in order for Nkx6.1 to interact with the G1. As the N-terminal region of the protein contains a transcriptional repression domain that was shown to interfere with binding of Nkx6.1 to the insulin promoter in vitro [31, 36] , we repeated the EMSA using a truncated protein containing the HD and the HD containing the C-terminal end of Nkx6.1 (HDC) [37] . A single predominant retarded complex was detected using recombinant HDC ( Figure 4B, lanes 1 and 2) . The specificity of the complex was confirmed by the addition of anti-Nkx6.1 serum that produced a supershift ( Figure 4B, lane 3) . The Nkx6.1 complex formed on the labelled G1 was effectively and similarly competed by increasing amounts of either nonradiolabelled G1 or the A4/A3 insulin promoter element bearing an Nkx6.1-binding site ( Figure 4B, lanes 4-6 and 8-9 ). Interestingly, the G3 element, which also interacts with Pax6 but does not contain a conserved A/T-rich region, was unable to compete for binding of Nkx6.1 to the G1 element ( Figure 4B, lane 7) . To establish the potential contribution of the three G1 putative Nkx6.1-binding sites to the formation of the retarded complex, we independently mutated each site (see Figure 4A ) and performed competition assays against a bona fide labelled G1 element. Both mutated proximal sequences (− 72/− 64 and − 56/− 49) competed as efficiently as the wild-type sequence (compare Figure 4B , lane 6 with lanes 11 and 12) while competition with the most mutated distal sequence corresponding to the Pax6-binding site was completely abrogated ( Figure 4B, lane 10) . Interestingly, EMSAs performed with labelled G3 and recombinant HDC revealed the formation of a complex that was supershifted in the presence of Nkx6.1 antibodies ( Figure 4C ). However, in contrast to G1, non-radiolabelled G3 was unable to compete for the complex, indicating low-affinity or non-specific interaction of the HDC with G3. Taken together, these results suggest that Nkx6.1 interacts specifically with the core sequence of the Pax6-binding site within the G1 element of the glucagon gene promoter.
Nkx6.1 interacts with both the PD (paired domain) and HD of Pax6
We next sought to determine whether Nkx6.1 could physically interact with Pax6. To this end, we performed GST precipitation assays using GST-fusion proteins containing the Pax6 PD, HD or a fusion of the PD/HD and 35 S-labelled Nkx6.1. A weak protein-protein interaction with Nkx6.1 was observed with all fusion proteins, whereas no precipitation was detected with GST. As previously demonstrated [25] , Pdx1 strongly interacted with a Pax6 PD/HD GST-fusion protein ( Figure 5 ). In parallel, co-immunoprecipitation assays using an anti-Pax6 serum were performed on nuclear protein extracts derived from InR1G9 cells transfected with an Nkx6.1 expression vector. Consistent with GST precipitation assays, Nkx6.1 was co-immunoprecipitated along with Pax6, albeit to low levels. These data suggest that Nkx6.1 may potentially interact with Pax6 in the absence of DNA and may contribute to the transcriptional repression of the glucagon gene. In order to validate our in vitro data suggesting that repression of glucagon gene expression by Nkx6.1 is mediated through competition with Pax6, InR1G9 cells were transfected with an Nkx6.1 expression vector and endogenous levels of glucagon were evaluated by quantitative PCR. A 46 % inhibition of glucagon mRNA relative abundance levels was detected 48 h post-transfection (Figure 6A) . To correlate Nkx6.1-mediated repression of glucagon gene expression to decreased Pax6 trans-activation potential, we transfected Nkx6.1 into a clonal cell line expressing a dominantnegative variant of Pax6 (DN-Pax6) at high efficiency (75 % of the cells were transfected). The latter binds to its target genes but is no longer able to trans-activate them, as reflected by a 33 % decrease in glucagon mRNA levels ( Figure 6B , black bars). More importantly, expression of Nkx6.1 in this clonal line did not further decrease glucagon mRNA levels clearly establishing that Nkx6.1 inhibits transcription by directly interfering with Pax6-mediated trans-activation of the hormone gene ( Figure 6B ).
DISCUSSION
In contrast to insulin, the α-cell-restricted glucagon gene expression pattern has eluded our understanding as no α-cell-specific transcription factors that are clearly involved in glucagon gene expression have been identified in mature islets. In view of the mutually exclusive expression pattern of both hormones we have previously proposed that, during development, the failure to activate β-cell-specific transcription factors promotes the α-cell phenotype and thus glucagon gene expression. Suggestions of this default pathway have been provided by demonstrating that Pdx1 as well as Pax4 repressed glucagon gene expression, a phenomenon mediated by suppression of Pax6-mediated activation [25, 26] . The present study, combined with the work of Schisler et al. [13] , further substantiates this model by showing that another β-cellspecific transcription factor, Nkx6.1, also inhibits glucagon gene expression when expressed in α-cells.
We found that the inhibitory effect of Nkx6.1 on glucagon gene expression is predominantly mediated by impairing Pax6-driven activation through the α-cell-specific G1 element of the glucagon gene promoter, whereas the Pax6-G3 interaction does not appear to be a target of repression. Intriguingly, nuclear extracts derived from Nkx6.1-transfected BHK-21 cells revealed no clear identifiable complex corresponding to Nkx6.1 binding to the G1 element unless antiserum was added to the reaction mixture. Similar results have been observed for the insulin and Nkx6.1 gene promoters whereas ChIP assays revealed in vivo binding of the transcription factor to both 5 -flanking regions as well as to the glucagon gene promoter ( [13, 34] and the present study). These results suggest that interaction with other proteins in the nucleus may be mandatory for Nkx6.1 to bind its consensus sequence. Consistent with the latter, the N-terminal end of Nkx6.1 is composed of a stretch of proline and alanine residues as well as a NK decapeptide that interacts with Groucho/TLE (transducin-like enhancer) producing a potent repressor complex [31, 36] . Deletion of this domain from Nkx6.1 revealed the capacity of the HD and C-terminal end to interact with the G1 element. Groucho/TLE may be required to induce a conformational change in the Nkx6.1 protein allowing the complex to interact with its target site. Interestingly, the repressor activity of Nkx6.1 through Groucho/TLE interaction prevails when the conserved consensus ATTA sequence is detected within the binding site. In contrast, when a non-canonical sequence such ATTT is detected near a G/C rich region, Nkx6.1, through its C-terminal end, becomes a transcriptional activator of target genes [37] . Both ATTA and ATTT sequences are found within the G1 element of the glucagon gene promoter whereas no GC-rich regions are detected in the vicinity of the element. Consistent with the latter, no induction of glucagon gene promoter reporter constructs by Nkx6.1 was observed in the heterelogous BHK-21 cell line. Further analysis by mutagenesis of the three A/T-rich regions of G1 revealed that Nkx6.1 preferentially interacted with the core ATTA sequence also recognized by Pax6. The latter finding corroborates our transient transfection data, showing an inhibitory effect of Nkx6.1 on Pax6-mediated glucagon gene activation in both BHK-21 and InR1G9 cells. Thus our results clearly indicate that Nkx6.1 represses glucagon gene expression by directly competing with Pax6 binding at G1. In addition, Nkx6.1, through a weak protein-protein interaction, may also destabilize the Pax6 interaction with G1.
Interestingly, the inhibitory effect of Nkx6.1 was specific to Pax6, as Nkx6.1 did not suppress either Cdx2/3 or c-Maf-stimulated glucagon gene transcription [14] [15] [16] . However, the synergistic induction of the glucagon gene promoter by Pax6 and either Cdx2/3 or c-Maf was greatly hampered but not completely abolished, substantiating a selective repression of Pax6 by Nkx6.1. This discriminatory effect was confirmed using a ChIP assay demonstrating decreased occupancy of Pax6 to the glucagon gene promoter when Nkx6.1 was expressed in InR1G9 cells. Interestingly, previous studies have shown that enhancement of glucagon gene transcription by both Cdx2/3 and c-Maf correlated with the ability of these proteins to interact with Pax6 directly and did not necessarily require DNA binding [14, 16] . A similar discriminatory inhibition of the Pax6-Cdx2/3 synergistic activation of the glucagon gene was observed with Foxa2 and Pax4 [18, 26] . Thus although Cdx2/3 and c-Maf are most likely important in sustaining glucagon gene expression, Pax6 appears to be the key transcription factor conveying regulatory functions imposed by endogenous α-cell activators such as Cdx2/3 and c-Maf, or by suppressors such as Foxa2, on glucagon gene expression. Furthermore, during development, absence and/or silencing of Pax4, Pdx1 and Nkx6.1 expression may permit Pax6-mediated activation of the glucagon gene and thus establishment of the α-cell phenotype. Consistent with the latter, we have previously demonstrated that overexpression of Pdx1 in the INS-1-derived INSrαβ subclone (expressing both insulin and glucagon) eliminated glucagon mRNA as well as protein, and promoted the expression of β-cell-specific genes. In contrast, loss of Pdx1 function in the same cell line suppressed genes restricted to β-cells and prompted α-cell differentiation [24] .
Sander et al. [8] have previously demonstrated that ablation of Nkx6.1 in mice resulted in the loss of approximately 94 % of β-cells without a concomitant increase in the number of α-cells. The absence of Nkx6.1 may thus not lead to changes in α-cell proliferation but only in glucagon gene transcription. Furthermore, Nkx6.1 is not the sole factor implicated in this process. The latter raises the question as to which factor during development may act as a master switch for cell lineage determination. Recently, the HD-containing transcription factor Arx was shown to be essential for α-cell fate acquisition, a process that involved exclusion of Pax4 expression in precursor cells [10] . Thus it is tempting to speculate that inhibition of Pax4, and potentially Pdx1 and Nkx6.1, by Arx may alleviate their repressive effect on Pax6 which may then stimulate glucagon gene transcription, a pre-requisite for the establishment and maintenance of the α-cell phenotype.
